
	

 
 
Supplementary Figure 1. Effects of mitochondrial complex II stimulation by 
succinate prodrugs NV118 and NV241. (a) Respiration in platelets (plts) with 
rotenone-induced mitochondrial complex I (CI) inhibition. (b) ATP-generating 
respiration in platelets, *** indicate significant reduction in drug treated sample pre 
and post oligomycin. (c) Respiration in platelets with FCCP-induced uncoupling. (d) 
Respiration in digitonin-permeabilized platelets. (e) Effect on respiration in platelets 
with addition of the cell-permeable CII inhibitor NV161, * indicate significant 
difference between NV161 and vehicle for each drug, n=4. (f) Respiration in 
peripheral blood mononuclear cells (PBMCs) with rotenone-induced CI inhibition, n 
= 4. (g) Convergent respiration in PBMCs, n = 4. (h) Respiration in human heart 
muscle fibres (HHMF), n = 5. (i) Lactate production in 2 ml buffer containing 400 × 
106 platelets, incubated with or without rotenone and NV118 or NV241, n = 5. All 
respirometric experiments in human platelets were performed with n = 6 individuals 
donors if not otherwise stated. All data presented as mean and standard error if not 
otherwise stated. In all experiments blood cells from separate donors are used for each 
n. * = p < 0.05, ** = p  < 0.01, *** = p < 0.001 (two-tailed paired or unpaired 
Student’s t-test as appropriate, difference between succinate prodrug and control if 
not otherwise stated). 
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Supplementary Figure 2. Dose-response of three mitochondrial complex II-
inhibitors in intact cells. Human platelets (200 × 106 ml-1) were incubated as 
described in the methods section. Rotenone (2 µM) was added to inhibit Complex I 
and NV241 (100 µM) was added to allow for Complex II-linked respiration. 
Malonate, dimethyl malonate or NV161 was titrated (from 10 µM to 5 mM final 
concentration) and rate of oxygen consumption assessed. IC50-values for each 
compounds was calculated using Prism GraphPad 6.0. NV161 inhibited complex II-
supported respiration at lower concentrations than malonate or dimethyl malonate, as 
depicted by the IC50-values provided in the figure. 
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Supplementary Figure 3. Intracellular metabolism of exogenous succinate. 
Overview of metabolic pathways in peripheral blood mononuclear cells incubated 
with or without rotenone (2 µM) and with or without NV189 or NV241. Metabolites 
were quantified using capillary electrophoresis time-of-flight mass spectrometry for 
cationic compounds and capillary electrophoresis tandem mass spectrometry for 
anionic compounds. Delivery of intracellular succinate and anaplerosis of TCA cycle 
intermediates were confirmed. The branched-chain amino acids valine (Val) and 
isoleucine (Ile) can be metabolized to succinyl-CoA but are primarily metabolized in 
muscle tissue. Valine was only detected in very few samples and altogether these data 
were inconclusive. Total succinyl CoA-related amino acids revealed no difference 
between the treatment groups. The levels of reduced glutathione (GSH) in samples 
treated with NV189 or NV241 were marginally decreased, but the glutathione redox 
ratio was unaltered. Cysteine (Cys), a precursor to glutathione, which in itself also 
holds antioxidant properties, was decreased in samples treated with NV189 or 
NV241. Altogether the data cannot exclude oxidative stress. ATP levels were 
decreased similarly in all rotenone-treated samples. ADP levels changed in the 
opposite direction, and thus the interrelated adenylate energy charge clearly indicated 
aggravated energy status of the rotenone-treated cells. Guanylate energy charge also 
indicates the energy status and displays equivalent results. Furthermore, NADH was 
increased in all samples treated with rotenone. Creatine levels, also linked to energy 
status of the cell, though primarily in muscle, did neither differ significantly. Overall 
the drug treated samples did not display a significant change in the energy status of 
the cells as measured by metabolomics. The data related to glycolytic flux is not 
conclusive. Glucose 6-phosphate (G6P) displayed somewhat higher values in the 
drug-treated samples, as did fructose 6-phosphate (F6P). All data presented as mean 
and SD using cells from same 4 individuals for each treatment group. 
 
  



 

Supplementary Figure 4. Metabolic route of isotope labeled compounds. Putative 
metabolic incorporation of carbons from [1,2,3,4-13C4]NV118 through the TCA cycle. 
In order to achieve [13C6]citrate, [13C2]acetyl-CoA must be generated. 
 

  

citrate 

succinate

unlabeled acetyl-CoA 

2-oxoglutaric acid

succinate/fumarate 

unlabeled acetyl-CoA 

[13C] 6 carbon lost as CO
2

malate/

oxaloacetate

citrate 

[13C]

[12C]

[13C] or [12C] 5 carbon lost as CO
2
 or



 

Supplementary Figure 5. Treatment of mitochondrial complex I-deficient Leigh 
syndrome patient fibroblasts with NV241. (a-b) Oxygen consumption rate (OCR) 
in three control fibroblast lines and a mitochondrial complex I-deficient cell line 
(recessive NDUFS2 mutation) treated with NV241 or vehicle. (c-f) Quantification of 
OCR in control and patient fibroblasts for each respiratory state. (g-h) Relative 
contribution of CII (and CI)-linked respiration to maximum uncoupled respiration in 
patient cells and control cell lines (4.4 % in the control cell lines and 7.3 % in the 
Leigh syndrome cells; with treatment, this increased to 19.6 % in control cells, and to 
47.3 % in patient cells). (i) Spare respiratory capacity, defined as percent increase 
from endogenous baseline to maximum uncoupled respiration. Data presented as 
mean and standard error of n = 3 separate experiments performed with eight technical 
replicates for each cell lines. Data from the three control cell lines are pooled. * = p < 
0.05 (two-tailed unpaired Student’s t-test, difference between Leigh and control cell 
lines). 
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Supplementary Figure 6. Effects of succinate and dimethyl succinate on complex 
I-deficient Leigh syndrome patient fibroblasts.  Oxygen consumption rate (OCR) 
in three control fibroblast lines (a) and a mitochondrial complex I-deficient cell line 
(b) (recessive NDUFS2 mutation) treated with succinate or dimethyl succinate. Each 
experiment performed with eight technical replicates and n = 1 for each cell line. Data 
from the three control cell lines are pooled.	
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Supplementary Methods 
 
Succinic acid diacetoxymethyl ester (NV101-118) 

 
 
Succinic acid (58.6 g, 0.496 mol) was added to dichloromethane (2 L) and the mixture 
cooled to 0°C. Diisopropylethylamine (201 mL, 1.154 mol) was added during 20 
minutes followed by bromomethyl acetate (159.4 g, 1.042 mol) during 30 minutes and 
the solution stirred overnight under an atmosphere of nitrogen. The solution was 
cooled to 0°C and washed successively with 1 L of cold 1% hydrochloric acid, 0.6% 
hydrochloric acid and water (x3). The solution was treated with decolourizing 
charcoal, dried with magnesium sulphate and concentrated to an oil which was 
crystallized from diethyl ether (200 mL)/isohexane (10 mL) to afford 92 g of succinic 
acid diacetoxymethyl ester as a white solid. m.p.: 59–60°C.  
1H NMR (300 MHz, CDCl3, ppm) δ 5.76 (s, 4H), 2.72 (s, 4H), 2.13 (s, 6H). 13C NMR 
(100 MHz, CDCl3, ppm) δ 170.8, 169.6, 79.2, 28.5, 20.7. LCMS (m/z) 263.2 [M+H]+, 
285.1 [M+Na]+.A further 8 g of pure material was obtained from concentration of the 
liquors. 
 
 
Succinic acid bis-(1-acetoxy-ethyl) ester (NV101-189) 

 
 
Succinic acid (58.6 g, 0.496 mol) was added to dichloromethane (2 L) and the mixture 
cooled to 0°C. Diisopropylethylamine (201 mL, 1.154 mol) was added during 20 
minutes followed by 1-bromoethyl acetate (175 g, 1.05 mol) during 30 minutes and 
the solution stirred overnight under an atmosphere of nitrogen. The solution was 
cooled to 0°C and washed successively with cold (1.5 L quantities) of water, 1% 
hydrochloric acid (twice), sodium bicarbonate solution and water. The solution was 
dried with magnesium sulphate and concentrated to an oil which was crystallized 
from t-butylmethyl ether to afford 41 g of succinic acid bis-(1-acetoxy-ethyl) ester as 
a white solid. m.p.: 63–64°C.  
1H NMR (300 MHz, CDCl3, ppm) δ 6.87 (q, J=5.5 Hz, 2H), 2.66 (m, 4H), 2.07 (s, 
6H), 1.48 (d, J=5.4 Hz, 6H). 13C NMR (100 MHz, CDCl3, ppm) δ 170.5, 169.3, 89.1, 
29.1, 21.4, 20.0. LCMS (m/z) 313.0 [M+Na]+ 
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Succinic acid 1-acetoxy-ethyl ester acetoxymethyl ester (NV101-241) 
 
i) Succinic acid 1-acetoxy-ethyl ester tert-butyl ester 

 
To a solution of succinic acid mono-tert-butyl ester (136.15 g, 781 mmol) in 
dichloromethane (1 L) at -5°C was added di-isopropylethylamine (163.36 mL, 121.21 
g, 938 mmol, 1.2 eq). Acetic acid 1-bromo-ethyl ester (143.57 g, 860 mmol, 1.1 eq) 
was then added dropwise. The reaction was then stirred for 16 hours at room 
temperature. The reaction was concentrated in vacuo, and the residue was dissolved in 
EtOAc (500 mL) and this was washed sequentially with 0.5 M aq HCl (2 x 450 mL), 
saturated aq NaHCO3 (500 mL), and brine (400 mL). The organics were then dried 
over MgSO4. The residue was purified by vacuum distillation (vapour temperature 
109-115°C, pressure <20 mbar) to give the title compound as a colourless oil (140.5 
g, 539.8 mmol, 69%).  
1H NMR (300 MHz, CDCl3, ppm) δ 6.88 (q, J=5.5 Hz, 1H), 2.50-2.65 (m, 4H), 2.07 
(s, 3H), 1.48 (d, J=5.5 Hz, 3H), 1.45 (s, 9H).  
 
ii) Succinic acid mono-(1-acetoxy-ethyl) ester 

 
Succinic acid 1-acetoxy-ethyl ester tert-butyl ester (74.8 g, 288 mmol) was dissolved 
in 4 M HCl in dioxane (720 mL, 2.88 mol, 10 eq), and the reaction was stirred for 5 
hours at 40°C. The reaction was concentrated in vacuo, and the residue was 
azeotroped with toluene (500 mL), to give the desired product as a clear oil (58 g). 
1H NMR (300 MHz, CDCl3, ppm) δ 10-14 (br, 1H), 6.73 (q, J=5.5 Hz, 1H), 2.40-2.60 
(m, 4H), 2.03 (s, 3H), 1.40 (d, J=5.5 Hz, 3H). 
 
iii) Succinic acid 1-acetoxy-ethyl ester acetoxymethyl ester (NV101-241) 

 
To a solution of succinic acid mono-(1-acetoxy-ethyl) ester (58.7 g, 287 mmol) in 
dichloromethane (600 mL) at -5°C was added di-isopropylethylamine (60.1 mL, 44.6 
g, 345 mmol, 1.2 eq). Acetic acid 1-bromo-methyl ester (31.0 mL, 48.36 g, 316 
mmol, 1.1 eq) was then added dropwise. The reaction was then stirred for 4 hours at 
room temperature. The reaction was concentrated in vacuo, and the residue was 
dissolved in EtOAc (450 mL) and this was washed sequentially with cold (5°C) 0.5 M 
aq HCl (400 mL), saturated aq NaHCO3 (400 mL), and brine (350 mL). The organics 
were then dried over MgSO4. The residue was purified by vacuum distillation (vapour 
temperature 154-169°C, pressure 3.2 mbar) to give the title compound as a pale 
yellow oil (57.45 g, 208 mmol). 

Dichloromethane

4M HCl/dioxane

Dichloromethane



1H NMR (300 MHz, CDCl3, ppm) δ 6.87 (q, J=5.5 Hz, 1H), 5.76 (s, 2H), 2.60-2.77 
(m, 4H), 2.13 (s, 3H), 2.08 (s, 3H), 1.49 (d, J=5.5 Hz, 3H). 13C NMR (100 MHz, 
CDCl3, ppm) δ 170.9, 170.0, 169.6, 168.9, 88.7, 79.2, 28.6, 20.8, 20.7, 19.4. LCMS 
(m/z) 277.0 [M+H]+, 299 [M+Na]+. 
 
 
Malonic acid diacetoxymethyl ester (NV01-161) 
 

 
 
To a mixture of malonic acid (0.30 g, 2.9 mmol) and di-isopropylethylamine (1.50 g, 
11.5 mmol) in acetonitrile (5 mL) was added bromomethyl acetate (0.96 g, 6.4 
mmol). The reaction was stirred at room temperature overnight. After removing the 
solvent, the residue was purified by silica gel chromatography (eluting with petroleum 
ether and ethyl acetate (9/1 to 3/1)) to give the title compound as a colourless oil (119 
mg, 17% yield). 
1H NMR (300 MHz, CDCl3, ppm) δ 5.78 (s, 4H), 3.50 (s, 2H), 2.14 (s, 6H). 13C NMR 
(100 MHz, CDCl3, ppm) δ 169.4, 164.6, 79.5, 40.8, 20.6. LCMS (m/z) 266.2 
[M+NH4]+, 271.1 [M+Na]+. 
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